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Abstract Cytoplasmic lipid droplets (CLDs) are cellular
structures composed of a neutral lipid core surrounded by
a phospholipid monolayer of amphipathic lipids and a vari-
ety of proteins. CLDs have classically been regarded as cel-
lular energy storage structures. However, recent proteomic
studies reveal that, although many of the proteins found to
associate with CLDs are connected to lipid metabolism,
storage, and homeostasis, there are also proteins with no
obvious connection to the classical function and typically as-
sociated with other cellular compartments.Jill Such proteins
are termed refugee proteins, and their presence suggests
that CLDs may serve an expanded role as a dynamic protein
storage site, providing a novel mechanism for the regulation
of protein function and transport.—Hodges, B. D. M., and
C. C. Wu. Proteomic insights into an expanded cellular
role for cytoplasmic lipid droplets. J. Lipid Res. 2010. 51:
262-273.

Supplementary key words adipose differentiation related protein
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Previously, cytoplasmic lipid droplets (CLDs) were con-
sidered to be relatively simple passive energy storage struc-
tures. However, recent studies reveal the intriguing
possibility that CLDs are dynamic cellular structures and
may play a role in protein sequestration as a mechanism to
regulate the protein abundance and function within cells
aswell as lipid homeostasis. Furthermore, there is evidence
that CLDs may also play a role in the regulation of mem-
brane trafficking. This review seeks to analyze the contri-
bution of proteomic studies to the growing body of
knowledge over the last decade. [Please refer to recent
comprehensive reviews for the cell biology and formation
of CLDs (1-11).]

CLDs are composed of a neutral lipid core surrounded
by a phospholipid monolayer. Lipids in the neutral core
are primarily triacylglycerols and sterol esters, although
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significant quantities of etherlinked glycerolipids have
also been found (12). The phospholipid species in the
monolayer reflect the composition of the endoplasmic re-
ticulum (ER) (12, 13), despite some differences observed
in fatty acid composition (13).

Although CLDs can be found in virtually every cell type,
some intrinsically produce more (e.g., cells involved in
lipid metabolism such as adipocytes and hepatocytes,
mammary epithelial cells during pregnancy and lactation
(14), and fat body tissue from Drosophila embryos) (15,
16). Disease phenotypes can also dramatically alter the
total numbers and size of CLDs (e.g., type II diabetes, obe-
sity, neutral lipid storage diseases like Chanarin-Dorfman
Syndrome, liver diseases such as steatohepatitis or liver
cirrhosis, and cardiovascular diseases such as atherosclero-
sis). For cells in culture, CLD formation can be stimulated
by adding fatty acids bound to albumin and/or cholesterol
to promote the production of CLDs (17).

To date, the CLD proteomes of a variety of different cell
types and tissues have been characterized, including yeast
(Saccharomyces cerevisiae) (18, 19), Drosophila (15, 16),
mouse mammary epithelial cells (14), Chinese hamster
ovary K2 cell lines (20, 21), 3T3-L1 adipocytes (22, 23),
cultured human A431 epithelial cells (24), HuH7 human
hepatoma cell line (25), cultured human hepatocyte
HepG2 cell lines (26), liver tissue from Sprague-Dawley
rats (27), and human lymphoblast U937 cells from lung
tissue (28). Although the overall protein compositions are
similar, variations between the CLD proteomes seem to
depend on cell type and metabolic state.

Abbreviations: ADRP, adipose differentiation related protein or
adipophilin; ARF, ADP ribosylation factor; CLD, cytoplasmic lipid
droplet; CHO, Chinese hamster ovary; 1D, one dimensional; 2D, two
dimensional; EM, electron microscopy; ER, endoplasmic reticulum;
HCV, hepatitis C virus; MFG, milk fat globule; MFGM, milk fat globule
membrane; PLD, phospholipase D.
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Two general categories of proteomic platforms have
been used to analyze fractionated CLDs. The first ap-
proach separates proteins according to molecular weight
using gel electrophoresis (1D or 2D) followed by in-gel
protease digestion. The peptides are extracted from the
gel and separated by chromatography followed by MS
analysis (29). The other approach is sometimes termed
“shotgun” proteomic analysis, whereby complex protein
samples are digested to peptides in solution, and the pep-
tides are then separated by chromatography followed by
MS analysis. To date, most of the proteomic analyses of
CLDs have used the first approach (14, 16, 18, 20-25, 28)
whereas only a few have used either a combined approach
(15, 27) or a stand-alone shotgun proteomic approach
(19, 26).

All of the proteomic analyses have utilized chromato-
graphic separations of peptides at ambient temperatures.
Recently, it was demonstrated that elevated temperatures
dramatically improve the recovery of hydrophobic pro-
teins from reverse-phase chromatographic columns (30,
31). The hydrophobic nature of the neutral lipid core of
CLDs implies that proteins embedded and/or attached to
CLDs are generally hydrophobic in nature, or at a mini-
mum have one or more hydrophobic domains. Proteins
are thought to attach to lipid droplets through surface in-
teractions or through helical hairpins of hydrophobic pep-
tides that extend into the lipid core of the LD (32-34).
[Note: Hydrophilic proteins have also been observed to be
embedded within the lipid core (35).] Therefore, the in-
corporation of this analytical modification during pro-
teomic analyses may have the potential to improve the
comprehensiveness of the current CLD proteomes.

The issue of minimal overlap of proteins identified from
different samples derived from CLDs poses a significant
challenge in developing a comprehensive CLD proteome.
Actual differences between the proteins associated with
CLDs in different samples is one reason that proteins may
be detected in one sample but not another, but this is not
the only reason for disparities in proteins detected. Other
reasons may include differences in metabolic state of cells
used to isolate CLDs in addition to differences in sample
preparation, differences in proteomic methods used (i.e.,
gel based methods versus shotgun methods), limitations
of instrumentation, and differences in searching algo-
rithms or databases used for protein identification.

Sample preparation and the choice of proteomic
method can affect which proteins are observed from dif-
ferent samples. Like other biological samples, CLDs con-
tain a wide range of protein abundances, and proteins
most likely to be identified using proteomic methods are
those present at high abundance, whereas low abundance
proteins are more difficult to detect. Within proteomic ap-
proaches, there are sample preparation factors that may
lead to differences in the proteins detected. For example,
in gel-based proteomic methods covered in this review,
some investigators analyzed entire 1D-SDS PAGE gel lanes
cut into small pieces (16, 21) versus analyzing only gel
bands stained in 1D-SDS PAGE gels (18, 20, 22, 24, 25, 28),
with the goal of identifying more proteins from a CLD

sample. For shotgun approaches, choosing a multidimen-
sional protein analysis involving several steps of chroma-
tography may lead to a greater number of identifications
versus single phase chromatographic runs at the cost of
requiring increased analysis time and a more complicated
experimental approach (36). Altering chromatographic
conditions (solid phases, mobile phases, gradients, heated
columns, and column lengths) can affect the peptides ion-
ized for detection by tandem MS. Mass spectrometers have
different capabilities in terms of resolution, ionization
method, and analysis speed (duty cycle) that affect the
depth of profiling that can be achieved.

One very important factor to consider when comparing
CLD proteomes from different studies is the choice of da-
tabase search algorithms and databases. This topic has
been addressed in recent studies aimed at improving stan-
dardization between methods of proteomic analysis and
database searches (37-39). False discovery rate is a mea-
sure of the statistical significance analysis as it applies to
mass spectrometric peptide identification and this subject
is given a more in-depth treatment in some recent papers

(40-42).

PROTEOMIC STUDIES

The application of proteomic analyses to CLDs within
the last decade have revealed a great deal about the pro-
teins associated with CLDs in a variety of mammals, insects,
and fungi. The following sections summarize the major
findings in each study and are organized according to
cell/tissue origin.

SACCHAROMYCES CEREVISIAE

Saccharomyces cerevisiae was used for two proteomic stud-
ies and the results are summarized in supplementary Table
I. CLDs from wild-type and deletion yeast strains were ana-
lyzed by 1D gel/MS analysis by Athenstaedt et al. (18) and
proteins identified were those involved in sterol forma-
tion, lipid synthesis and lipid metabolism, enzymes, pro-
teins associated with the ER, and several proteins with
unknown functions.

A second study showed a relationship between yeast
CLDs and peroxisomes (19). Proteins identified using
proteomics were localized using electron microscopy
(EM), immunoEM, and fluorescence microscopy in intact
S. cerevisiae cultured in either control glucose (2%) or in
oleic acid. In cells cultured with oleic acid, there were in-
creased numbers of CLDs and peroxisomes. Although
only observed in a small number of cases (3.2% of the cell
sections where both CLDs and peroxisomes were visible),
the peroxisomes were found to extend “pexopodia” into
adjacent lipid droplets. Formation of pexopodia was cor-
related to the nutritional state of the cells, with pexopodia
formation being promoted when cells were forced to scav-
enge fatty acids from CLDs. CLDs from these oleic acid
cultures were fractionated and a shotgun approach was
employed for proteomic analysis. Proteins identified were
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classified into three categories: 1) proteins that had previ-
ously been identified as LD proteins by Athenstaedt et al.
(18), 2) mitochondrial, peroxisomal and/or ER-associated
proteins, and 3) cytosolic proteins. The peroxisomal pro-
teins identified were all matrix components that are in-
volved in the B-oxidation of oleic acid. Many mitochondrial
proteins were identified and these were further classified
as either matrix proteins, matrix proteins localized to nu-
cleoids, or inner/outer membrane or nucleoid proteins.
Numerous resident proteins from the ER as well as mem-
brane trafficking proteins, nuclear proteins, chaperones,
enzymes, plasma membrane-associated proteins, and two
histones, and numerous cytosolic proteins were observed.

DROSOPHILA

Two recent studies were carried out in Drosophila and
their results are summarized in supplementary Table II.
Ceremelli et al. (15) characterized CLDs isolated from the
embryos of Drosophila followed by shotgun proteomic anal-
ysis to identify 127 proteins that appeared in more than
three separate studies. [Note: 453 additional proteins were
identified in only one study (397 proteins) or two studies
(56 proteins) |. Proteins were classified into several groups.
Lipid metabolism proteins, membrane trafficking proteins
(Rab 8, and Rab 11), heat shock proteins, and other or-
ganellar proteins were observed. Surprisingly, several his-
tone proteins (H2A, H2B, and H2Av) were identified
repeatedly and at high abundances within these CLD
preparations. Further orthogonal studies demonstrated
that during the first few hours of embryonic development,
the protein levels of H2A and H2B increased but not in
direct proportion to the number of nuclei, indicating that
the embryos have enough H2A and H2B to package chro-
matin for thousands of nuclei at the time of fertilization.
Importantly, Ceremelli et al. (15) demonstrated that the
large deposits of maternal histones can be stored on CLDs
and rapidly and efficiently transferred to chromatin as
they are needed, thereby providing a new embryo with a
source of preexpressed histones for rapid embryonic de-
velopment. Furthermore, by storing the proteins in an in-
active form on CLDs, retardation of embryonic growth
that might result from the unregulated presence of large
quantities of free histones is also avoided.

The second proteomic study of Drosophila using 1D gel/
MS analysis, by Beller et al. (16), focuses on lipid droplets
from Drosophila fat body tissue to examine the lipid droplet
subproteome from Drosophila predisposed to obesity (adp6o
and induced Lsd-2:EGIFP) or leanness (Lsd—2>1 ). This group
identified 248 proteins, some that were labeled using GFP
to localize the proteins within intact cells. EM studies of
the cells and Western blot analyses were performed. Of
the total 248 proteins identified, 60 proteins were identi-
fied in all four genotypes studied, 127 were found in wild-
type larvae, 137 proteins were found in adpw larvae, 153
were found in induced Lsd-2:EGFP, and 159 were found in
Lsd-2”" mutant larvae. Proteins identified were separated
into two classes: class A, composed of proteins that were
identified reproducibly in separate lipid droplet prepara-

264 Journal of Lipid Research Volume 51, 2010

tions, and class B, which was composed of proteins identi-
fied only once. In class A, 60 proteins were identified as
being common to all four genotypes with smaller numbers
of proteins identified that overlapped just one or two ge-
notypes, with a very small number of proteins identified
that were genotype specific. The lack of large qualitative
differences between these genotypes indicates that geno-
type characteristics producing leanness or obesity of adult
Drosophila may not be reflected in the lipid droplet subpro-
teome of the Drosophila embryos at this early stage of their
development. One exception to this finding was the obser-
vation of the Regucalcin protein in adpm (obesity predis-
posed genotype), a homolog of the vertebrate protein
senescence marker protein-30 (SMP30) that has been
shown in mice to affect cellular lipid droplets, body weight,
and lifespan. Other proteins identified repeatedly in dif-
ferent CLD preparations are proteins involved in fatty
acid/lipid metabolism, enzymes modifying short- and
long-chain fatty acids, membrane trafficking proteins
(Rabs 2, 5, and 6), chaperones, and ER-resident proteins.

MAMMALIAN CELLS AND TISSUES

Mammalian cells in culture

CHOK2 cells. Analysis of Chinese hamster ovary (CHO)
K2 cells using 1D gel/MS analysis identified many novel
CLD proteins (20). Cultured CHO K2 cells grown in nor-
mal media were homogenized, then fractionated and
washed repeatedly to remove contaminants from cytosol
or membranes. Samples were imaged using EM and light
microscopy. Thirty-seven proteins were identified and can
be categorized into four groups: lipid metabolism, mem-
brane trafficking, signaling, and miscellaneous. The full
protein list can be found incorporated into supplementary
Table III. Lipid metabolism is the largest grouping, with
13 proteins (35% of proteins identified). Of these, only
four [S3-12, adipose differentiation related protein or adi-
pophilin (ADRP), PDI, and BIP] were previously identi-
fied as lipid droplet associated proteins. Several of these
proteins were related either by sequence or function to
yeast proteins identified by Athenstaedt etal. (18) Proteins
in the lipid metabolism category were typical of those
found in other mammalian CLD studies. The membrane
trafficking protein group was composed of 11 proteins
(30% of identified proteins). The membrane trafficking
proteins identified include numerous members of the Rab
family of small GTPases (Rabs 1, 2, 5¢, 7, 10, 11a, 11b, 14,
and 18). The signaling protein group was small, contain-
ing only three of the total proteins identified (8%). West-
ern blot analyses were carried out to verify the results
obtained from the MS experiments. A second set of CHO
K2 cells were incubated with oleic acid to promote CLD
formation. The biggest change observed in the cells ex-
posed to oleic acid came from a marked increase of ADRP,
along with the identification of an additional gel band
(~40 kDa) containing CGI-58 protein.

The second study to use CHO K2 cells was published in
2007 by Bartz et al. (12) and emphasized several goals.
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The first goal of this study was to identify more of the pro-
teins from CLDs by analyzing both the unstained and
stained regions of the gels. The second goal was to identify
phosphorylated proteins isolated from Hela cell CLDs.
The third goal of this study was to examine purified lipid
droplets incubated in cytosol either in the presence or ab-
sence of GTPvys to determine whether lipid droplets are
capable of recruiting effector proteins from the cytosol.

The complete proteome of CLDs from the cultured
CHO K2 cells showed 125 proteins with 70 proteins newly
recognized as being associated with CLDs (see supplemen-
tary Table III). The global analysis by 1-D gel/MS analysis
of the CHO K2 proteome revealed numerous proteins
previously identified as CLD-associated proteins either in
CHO K2 CLDs (20) or in CLDs from other cell types (22,
24-28, 43, 44).

Numerous novel CLD proteins identified by Bartz et al.
included lipid metabolism proteins, novel membrane traf-
ficking proteins [including many Rab family proteins
(Rabs 19b, 21, 24, 33b, 34, 35, and 41)] as well as some
other small GTPase proteins (ArfGAP1 and ARL10C), ves-
icle transportrelated proteins, signaling proteins, cyto-
skeletal proteins, endoplasmic reticulum proteins, and
lysozyme proteins, chaperones, and one protein each from
the Golgi and mitochondria. Three unknown proteins
were identified, and these were classed as hypothetical
protein DKFZp434P0316, KIAA0242 protein, and p25.

Phosphorylation is the control mechanism used by some
proteins involved in lipolysis such as perilipin (45, 46) or
hormone sensitive lipase (47). Bartz and coworkers used
the 1D gel/MS proteomic platform to analyze CLDs iso-
lated from HeLa cells to identify phosphorylation sites on
acetyl CoA carboxylase 1, ADRP, NADH dehydrogenase
precursor, phospholiase A2 (group IVA), Rab 5, Rab 8,
and adipose triglyceride lipase (TTS-2.1 or iPLA2-zeta).
Furthermore, this group also identified some additional
small GTPases and cofactors that may be selectively re-
cruited to CLDs by incubating purified CLDs with cytosol
in the presence or absence of GTPys in CHO K2 cells.

Mouse 3T3-L1 adipocyte cells. Lipid droplets from cul-
tured adipocytes of the mouse strain 3T3-L1 were analyzed
in two studies and both are summarized in supplementary
Table III (22, 23). The initial study by Brasaemle et al. (22)
compared the proteomes of CLDs isolated from basal state
adipocytes versus those that were lipolytically stimulated
using isoproterenol, an agonist of B-adrenergic receptors,
and isobutylmethylxanthine (IBMX), a phosphodiesterase
inhibitor, using 1D gel/MS analysis. In addition to pro-
teomic analyses, this study also used fluorescence micros-
copy to confirm the localizations of identified proteins
within the cells. PAT family proteins perilipin, S3-12, and
TIP47 were found on both control and lipolytically stimu-
lated cells but adipophilin (ADRP) was found selectively
on droplets that were lipolytically stimulated. Lipid
metabolism proteins, ER-resident proteins, cytoskeletal
proteins and several chaperone proteins were found in
both preparations of CLDs from control and lipolytically
stimulated cells. Proteins identified only in CLDs from

lipolytically stimulated adipocytes included PAT-family
protein adipophilin, lipid metabolism proteins, cytoskele-
tal proteins, membrane trafficking proteins (several Rab
GTPases) and several proteins of unknown function.

The second study of 3T3-L1 adipocyte CLDs was under-
taken with the goal of exploring proteins involved in lipid
droplet biogenesis using 2D gel/MS analysis (23). The
3T3-L1 cells were cultured for 10 days after differentiation
before cells were homogenized and CLDs were enriched
by centrifugation. Although many of the proteins observed
by this group were identified in previous proteomic stud-
ies, several new proteins were identified and included a
lipid metabolism protein, four membrane trafficking pro-
teins, and several proteins of unknown function/localiza-
tion [a 54.10 kDa protein PRP19 (homolog of S. cerevisiae
PSO4) that was selected for further study].

The 504 amino acid protein Prpl9p is encoded by the
murine Prpl9 gene (mPrpl9). In S. cerevisiae and humans,
Prpl9p has functions in DNA combination and error
prone repair and previously had not been observed to
have functions outside the nucleus (23). This protein acts
as a scaffold for protein-protein interactions in the nu-
cleus, and the authors suggest that Prp19p may play a role
in the formation or stabilization of CLDs through the abil-
ity to make protein-protein interactions. Stable 3T3-L1 cell
lines were developed to either overexpress mouse Prpl9
(pCDNA3.1-mPrp19) or downregulate mouse Prpl9 (p-
mPrpl 9RNAi). RNAi downregulation of Prpl19p decreased
intracellular fat accretion, thereby repressing lipid droplet
biogenesis and expression of SCD1, DGAT-1, GPAT, per-
ilipin, and S3-12, but it did not affect other genes impor-
tant to adipocyte differentiation. Unlike perilipin, Prp19p
does not appear essential for cAMP- and hormone sensi-
tive lipase-dependent lipolysis pathways.

Mammalian cells from tissue

Mouse mammary epithelial cells. An early study of mam-
malian tissues focused on CLDs obtained from mammary
epithelial cells from the inguinal mammary glands, livers,
and milk taken from the same lactating animal. Milk fat
globules (MFGs) and milk fat globule membranes (MFGMs)
were isolated from the mouse milk (14). Proteomic analysis
was performed on these four sample types using 2D gel/
MS analysis. Discontinuous sucrose gradients were used
for subcellular fractionation of CLDs, MFGs, and MFGMs,
followed by washing to de-enrich for proteins not strongly
associated with the lipid-rich CLDs, MFGs, or MFGMs.
This study employed orthogonal methods (EM and West-
ern blotting) to verify the enrichment of the CLDs and
deenrichment of other proteins.

The mammary CLD proteins identified through tandem
MS were largely similar to those found in the MFGM sam-
ple (see supplementary Table III for full protein list). Only
four proteins were common to the liver and mammary
CLDs (ADRP, FABP, and probable contaminant serum
proteins transferrin and albumin). Proteins observed in
the mammary sample included chaperones, ER-resident
proteins, and cytoskeletal proteins in addition to proteins
known to be associated with CLLDs (ADPH, FABP). The
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MFGM samples contained all the proteins identified in the
mammary CLD fraction, but contained additional proteins
involved in lipid metabolism and milk proteins, along with
some apolipoproteins.

Rat liver cells after traumatic liver injury. In 2006, Turré
et al. (27) studied the CLDs produced in liver tissue after
traumatic liver injury (a partial hepatectomy) in Sprague
Dawley rats. A dramatic increase of fat was observed in the
cytoplasm 24 h after a partial hepatectomy. Enriched CLDs
were analyzed using a combined approach of 2D gel/MS
analysis and shotgun proteomics resulting in 24 and 27
proteins identified, respectively. Approximately 30% of
the total proteins observed were identified by both meth-
ods (see supplementary Table III for a full protein list).
Four ER-resident proteins, two transport-related proteins,
four cellular enzymes, and one protein of unknown func-
tion [0610006F02Rik protein- later renamed methyltrans-
ferase like protein 7B (Uniprot: Q6UX53) ] were uniquely
identified using the 2D gel/MS analysis approach. Five
proteins not previously associated with CLDs were identi-
fied using shotgun analysis, including an ER-resident pro-
tein, three cellular enzymes and one protein of unknown
function [610006F02Rik (methyltransferase like protein
7B)]. The 0610006F02Rik protein (methyltransferase like
protein 7B) was subsequently expressed as a recombinant
GFP-tagged protein and expressed in COS cells. Fluores-
cence microscopy localized the protein to CLDs, and to a
smaller extent, the ER.

Human cells in culture

Human cultured liver cell lines. Two studies have ana-
lyzed CLDs from two cultured human liver cell lines, hepa-
tocyte cell line HuH7 (25) and hepatoma cell line HepG2
(26). Results are included in supplementary Table III. Fu-
jimoto et al. (25) examined CLDs isolated from HuH7 he-
patocyte cells by subcellular fractionation using sucrose
gradients followed by 1D gel/MS analysis. Seventeen pro-
teins were identified with two of those being proteins that
had been previously observed to associate with CLDs
(ADRP and TIP47). The most abundant proteins identi-
fied were ADRP and two other lipid metabolism proteins.
A phospholipid binding protein and five lipid metaboliz-
ing enzymes were identified. Four ER-resident proteins
and one cytosolic protein were identified in the CLD sam-
ples but no other organellar proteins were identified
within the CLD samples. GAPDH, two acyl-CoA synthetases,
lanosterol synthestase, and an SDR family protein had
been observed to be associated with CLDs of S. cerevisiae
previously, indicating that there may be functional conser-
vation of these proteins within eukaryotic species (18).

In 2006, Sato et al. (26) studied CLDs originating from
hepatitis C virus (HCV)-expressing human hepatoma
HepG2 cell lines and a control cell line using both a modi-
fied version of 1D gel/MS analysis and a shotgun approach.
A total of 48 CLD proteins were identified, with 38 CLD
proteins identified from HCV-expressing cells, 30 CLD
proteins from the control cells, and 20 proteins identified
in CLDs from both cell lines. There were 25 CLD proteins
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identified using 1D gel/MS analysis, with 23 CLD proteins
identified from the HCV-expressing cells and 15 CLD pro-
teins identified from the control cells. Thirteen of the pro-
teins identified in the control cells overlapped with proteins
identified in the HCV-expressing cells. Among the proteins
observed using 1D gel/MS analysis were two PAT family
proteins, seven proteins involved in lipid metabolism,
membrane trafficking proteins (Rabs 1A, 1B, 5C, and 7),
three proteins involved in RNA metabolism and binding,
one mitochondrial protein, and several proteins of un-
known functions or that do not fit into other categories.
Using the shotgun approach, Sato and coworkers identi-
fied 36 total CLD proteins, with 27 CLD proteins found in
the HCV-expressing cells and 24 CLD proteins found in
the control cells with 15 CLD proteins observed in both
cell types. Twenty-two CLD-associated proteins overlapped
with proteins identified using 1D gel/MS analysis. Proteins
identified via the shotgun approach but not identified us-
ing 1D gel/MS analysis were five lipid metabolism pro-
teins, three additional membrane trafficking proteins
(Rabs 8, 10, and 11), two RNA metabolism/binding pro-
teins and proteins that did not fit within these categories.
Interestingly, both the 1D gel/MS analysis and shotgun
analysis showed that RNA metabolism/binding proteins
were only found in the HCV-expressing cells and these
were not observed in the control cells. Several proteins
were observed to be associated with CLDs for the first
time in this study (sterol carrier protein 2-related form,
58.85K, FABP5, and apoptosisinducing factor homologous
mitochondrion-associated inducer of death).

Human epithelial and MDCK cultwred cell lines. Cultured
cell lines of human epithelial cells (UAC and A431) and
Madin Darby Canine Kidney (MDCK) cells were studied in
2004 by Umlauf et al. (24) to identify CLD-associated pro-
teins, and specifically to examine stomatin, due to its bio-
chemical and topological similarity with caveolins (results
included in supplementary Table III). Caveolins are known
to associate with CLDs (22, 48-50). Transfected cells were
cultured to express GFP-tagged stomatin, and immuno-
fluorescence was used to localize stomatin to CLDs within
the cultured cells. Western blot analyses were used to iden-
tify proteins and enrichment of CLD-associated proteins
in the CLD samples. Proteomic 1D gel/MS analysis was
employed to study the A431 squaemous epithelial carci-
noma cells.

Through immunofluorescence microscopy, stomatin
was found to associate with CLDs when expressed exoge-
nously at high levels or expressed endogenously in the
presence of oleic acid. If vesicular transport was blocked,
the levels of endogenous stomatin were increased causing
an increase in association with CLDs. Cycloheximide treat-
ment caused stomatin dissociate from CLDs and stomatin
subsequently associated with acidic vesicles. Time lapse
video microscopy of live cells was used to show that CLDs
interact with small vesicles and occasionally CLDs show
high motility.

Proteomic analysis of CLDs from the A431 cells revealed
33 CLD-associated proteins. Studies were carried out on
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either A431 cells with low endogeneous stomatin levels
(called stomatin-negative) or on A431 cells stably over-
expressing wild-type stomatin (termed stomatin-positive
cells). Comparing the 1D SDS-PAGE bands from stomatin-
positive and stomatin-negative cells did not show differ-
ences in the protein bands observed through staining of
the gels with the exception of the stomatin band. Pro-
teins identified included those previously associated
with CLDs, including PAT family proteins, several Rab
GTPases (Rab 1B, 6A, 7, 10, and 18), four lipid metabo-
lism proteins, a fatty acid synthesis protein, four proteins
involved in steroid synthesis or vitamin A homeostasis,
four vesicle transport proteins, seven chaperones or
chaperonins, three cytoskeletal proteins, and two uncat-
egorized proteins.

SUMMARY OF PROTEOMIC STUDIES

Over two hundred mammalian proteins have been iden-
tified across a number of proteomic analyses of enriched
CLDs. [A comprehensive list of all identified CLD proteins
in yeast (110 proteins), Drosophila (296 proteins), and
mammals (229 proteins) organized according to the func-
tion/cellular localization can be found in supplementary
Tables I, II, and III, respectively.] Table 1 summarizes the
CLD proteins identified in at least three proteomic studies
from mammalian cells/tissues. These proteins seem to fall
into several distinct functional categories.

The noted “gold standard” marker for CLDs are mem-
bers of the PAT family [named for the first three members
perilipin, adipophilin (also known as adipocyte differenti-
ation related protein, ADRP, or ADFP), and tail interact-
ing protein 47 (TIP47), but the PAT-family also includes
lipid storage droplet protein 5 (LSDP5, also known as
OXPAT), myocardial lipid droplet protein (MLDP, also
called PAT-1), and S3-12] (51). Though PAT proteins are
all known to associate with CLDs, they are not all found in
every cell. ADRP has been localized to lipid droplets in
cultured murine 3T3-Ll adipocytes, murine MA-10 Leydig
cells, CHO fibroblasts, and human HepG2 hepatoma cells
(43) and TIP47 is similarly found in many cell types (52).
However, perilipin has only been found in adipocytes and
steroidogenic cells (563). The LSDP5 (OXPAT) protein is
found in tissues that rely on B-oxidation of fatty acids for
energy production such as heart muscle, brown adipose
tissue, and liver (54-56), and S3-12 is found in white adi-
pose tissue (57). Two related proteins, LSD1 and LSD2,
are expressed in insects and found in the fat body, a tissue
that has similarities to both liver and adipose tissue
(58-61).

PAT proteins are thought to be responsible for lipid ho-
meostasis within cells, but the distinctions and specificities
of the family members are not yet fully understood. PAT
proteins share a conserved 100 amino acid homologous
N-terminal PAT domain (the exception is S3-12) (51) and
repeating sequences of 11 amino acids thought to form
amphipathic a-helices that may assist in embedding the
proteins within lipid droplets (33, 34, 51). Phosphoryla-

tion controls the functions of some PAT family proteins
like perilipin, and the Drosophila PAT family homologs
LSD1 and LSD2 in facilitating lipolysis and CLD motility
(60, 62). Bickel et al. (63) very recently published a help-
ful review of PAT proteins.

The role of CLDs in lipid metabolism is critical to main-
taining lipid homeostasis and, not surprisingly, proteins
involved in lipid metabolism are observed ubiquitously in
the CLDs. These include two 17-8 hydroxysteroid dehy-
drogenases, acetyl-CoA carboxylase o, CGI-49 protein,
CGI-58 protein (lipase modulator), dehydrogenase/reduc-
tase (SDR family) member 1, lanosterol synthase, long-chain-
fatty-acid-CoA  ligases, NADH-cytochrome bb reductase
3, patatinlike phospholipase domain-containing protein 2
[also called adipocyte triglyceride lipase (TTS-2.1)
(iPLA2¢)], protein disulfide-isomerase A3, squalene
epoxidase, and NAD(P)-dependent steroid dehydroge-
nase-like protein. These proteins play a variety of roles in
lipid synthesis (long-chain-fatty-acid-CoA ligases, lano-
sterol synthase, squalene epoxidase), lipid homeostasis
(long-chain-fatty-acid-CoA ligases), and lipid degradation
(patatin-like phospholipase domain-containing protein
2, CGI-58 (64).)

Aside from the PAT family proteins and those involved
in lipid metabolism, several proteomic studies have also
identified so-called “refugee proteins” that seem to be un-
related to known lipid droplet functions (4) that fall into
several categories: membrane trafficking proteins [Arfl,
Rab, and Rho proteins (21)], signaling proteins (PKC,
Ras, AKAP), cytoskeletal proteins [actinin, filamin A, myo-
sin heavy chain (21)], enzymes (alcohol dehydrogenase),
chaperones [pyruvate kinase, peroxiredoxin 1 (21)], and
proteins associated with cellular organelles.

Membrane trafficking proteins commonly observed in
CLD preparations include proteins from several small GT-
Pase families: Ras-related Rab proteins, ADP Ribosylation
factor (ARF) proteins, as well as related proteins phospho-
lipases and caveolins. Though the relationship between
CLDs and the small GTPases is unclear, in vivo colocaliza-
tion studies using immunofluorescence seem to suggest
that these interactions are not due to contamination dur-
ing fractionation (44, 65).

In particular, the Rab protein family of small Ras-related
GTPase proteins is well represented in the proteomic stud-
ies of CLDs, whereas other members of the small GTPase
families such as Rho and Arf proteins are less frequently
observed. Rab proteins are known to be important for ve-
sicular trafficking, vesicle budding, and fusion. Although
twenty Rab proteins were identified in mammalian stud-
ies, Rab effector proteins were not observed in large num-
bers. The presence of both the small GTPase proteins and
their effector proteins is needed for synthesis of a com-
plete pathway. Effector proteins may simply not be present
in CLDs or they could be present at such low abundances
in CLDs prior to enrichment and purification that they are
either lost during enrichment or are below the limit of
detection of the analysis. Another possibility is that the
effector proteins are only recruited to CLDs under specific
conditions (21).
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TABLE 1. Mammalian CLD proteins identified in at least three proteomic studies
Uniprot Accession Gene
Protein Grouping Number Name Short Name Protein Name Reference
PAT Family Q99541 ADRP or ADFP Adipose differentiation -related 14, 20, 21, 26, 27, 28
protein (ADRP/ADFP/ADPH)
060664 M6PRBPI1 or TIP47 Cargo selection protein (TIP47)/ 23, 24, 25, 26, 27, 28
TIP47 Mannose-6-phosphate receptor-
binding protein 1
Lipid Metabolism Q8NBQ5 HSD17B11 17-3-HSD 11/ 17-B hydroxysteroid 20, 21, 25, 26, 27, 28
retSDR2 dehydrogenase 11/Retinal short-
chain dehydrogenase/reductase
retSDR2
P56937 HSD17B7 17-3-HSD 7 17-B hydroxysteroid dehydrogenase 20, 21, 24, 25, 28
7/3-keto-steroid reductase
Q13085 ACACA ACC-a acetyl-CoA carboxylase a 20, 21, 24, 28
Q8NBX0 SCCPDH CGI49 CGI49 protein/Probable 21, 22, 25, 26, 28
saccharopine dehydrogenase
Q8WTS1 ABHD5 CGI-58 CGI-58 protein/1-acylglycerol-3- 20, 21, 22, 23, 24, 28
phosphate O-acyltransferase
ABHDb5
Q96L]7 DHRS1 dehydrogenase/reductase (SDR 20, 21, 22, 23
family) member 1
P48449 LSS Lanosterol synthase 23, 24, 25, 26, 27, 28
095573 ACSL3 LACS 3 Long-chain-fatty-acid-CoA ligase 20, 21, 22, 24, 25, 26, 28
3/acyl-CoA synthetase 3
060488 ACSL4 LACS 4 Long-chain-fatty-acid—CoA ligase 20, 21, 22, 23, 25, 26
4/acyl-CoA synthetase 4
P00387 CYB5R3 B5R NADH-cytochrome b5 reductase 20, 21, 23, 24, 25, 26, 28
3/cytochrome bb reductase/
diaphorase-1
QI6AD5 PNPLA2 TTS-2 OR Patatin-like phospholipase 20, 21, 24, 26, 28
IPLA2-zeta domain-containing protein
2/Adipocyte Triglyceride Lipase
(TTS-2.1) (iPLA2§)
P30101 PDIA3 Protein disulfide-isomerase 21, 26, 27
A3/PLCa/ERp60
Q14534 Sqle SE Squalene monooxygenase/ 20, 24, 28
Squalene epoxidase
Q15738 NSDHL H105e3 Sterol-4-a-carboxylate 25, 26, 27, 28
3-dehydrogenase,
decarboxylating/NAD (P)-
dependent steroid dehydrogenase-
like; H105e3
Chaperones P14625 HSP90B1 Endoplasmin/Heat shock protein 14, 24, 26, 27
90 kDa 3 member 1/94 kDa
glucose-regulated protein/gp96
homolo
P11021 HSPA5 BiP GRP 78 (BIP) /78 kDa glucose- 20, 21, 22, 23, 24, 26, 27, 28
regulated protein/Heat shock
70 kDa protein 5
Q61696 Hspala Heat shock 70 kDa protein 14, 21, 22
1A/HSP 70 / Heat shock 70 kDa
protein 3 / HSP70.3 / Hsp68
Q96CS3 FAF2 KIAA0887 FAS-associated factor 2/UBXDS8 / 20, 21, 25, 26
KIAA0887 protein
Cytoskeleton P60709 ACTB Actin, cytoplasmic 1/B-Actin 21, 24, 27, 28
P08670 VIM Vimentin 21, 22, 23
Endoplasmic P27824 CANX P90 or IP90 Calnexin 21, 22, 23, 27, 28
Reticulum
QIY673/ ALGH DolP- Dolichyl-phosphate 3- 20, 21, 28
QIHCO03 glucosyltransferase glucosyltransfrase/Asparagine-
linked glycosylation protein 5
Q15084 PDIA6 protein disulfide isomerase/ 20, 21, 24, 27, 28
Protein disulfide-isomerase A6
P07237 P4HB PDI or p55 Protein disulfide-isomerase/ 24, 26, 27
Prolyl 4-hydroxylase subunit
B/ p55
P04843 RPN1 RPN-1 ribophorin I/Dolichyl- 21, 22,23
diphosphooligosaccharide—
protein glycosyltransferase
subunit 1
043399 TPD521.2 hD54 or D52- Tumor protein D54/ Tumor 23, 24, 26, 28
like 2 protein D52-like 2
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TABLE 1. Continued.
Uniprot Accession Gene
Protein Grouping Number Name Short Name Protein Name Reference
Membrane P04406 GAPDH Glyceraldehyde-3-phosphate 21, 25,28
Trafficking dehydrogenase/ GAPDH
P61026 RAB10 Rab10 Ras-related protein Rab-10 20, 21, 24, 26, 28
P62491 RABI11A Rab 11A Ras-related protein Rab-11A 20, 21, 28
P61106 RAB14 Rab 14 Ras-related protein Rab-14 20, 21, 22, 23, 28
QINP72 RAB18 Rab 18 Ras-related protein Rab-18 20, 21, 22, 24, 26, 28
P62820 RABIA Rab la Ras-related protein Rab-1a 20, 21, 24, 26, 28
QIHOU4 RABI1B Rab 1b Ras-related protein Rab-1B 24, 26, 28
P61020 RAB5B Rab 5b Ras-related protein Rab-5b 20, 21, 22, 25
(aand c)
P51149 RAB7A Rab 7a Ras-related protein Rab-7a 20, 21, 22, 23, 24, 26, 28
Q07960 ARHGAP1 Rho GTPase activating protein 1 20, 21, 23
Q99536 VAT1 Synaptic vesicle membrane 23, 26, 27, 28
protein VAT-1 homolog
Mitochondrial QIBROS AIFM2 Apoptosis-inducing factor 2/ 24, 25, 26, 28
Protein Apoptosis-inducing factor—
homologous mitochondrion-
associated inducer of death
Q99623 PHB2 Prohibitin-2 20, 21, 22
Signaling Proteins Q99653 CHP calcium binding protein P22 21,24, 28
Q03135 CAV1 caveolin-1 20, 21, 22
QY9HS8H3 METTL7A AAM-B Methyltransferase-like protein 7A 20, 21, 26
(AAM-B)
Miscellaneous/ P07724 Alb Serum albumin 14, 27, 28
Serum

Alternatively, the presence of incomplete and frag-
mented protein pathways on CLDs in vivo could be the
result of CLDs acting as a reservoir of hydrophobic pro-
teins within the cell that functions to transport and assist
with synthesis of protein pathways (21). Transfer of sub-
strates and products between CLDs and organelles or
other cellular structures could be facilitated by the Rab
proteins and other membrane trafficking proteins.

The phospholipid monolayer surrounding CLDs con-
tain abundant phosphatidylcholine and lysophosphatidyl-
choline (13) that are the substrates for phospholipase D
(PLD) (reviewed in ref. 66). PLDI is involved in many cel-
lular processes like membrane fusion and vesicular traf-
ficking (reviewed in ref. 66). The small protein Arfl
directly activates PLD1, and has received particular atten-
tion with respect to its interactions with lipid droplets. Us-
ing immunofluorescence, Arfl and PLD1 have been shown
to localize to CLDs (44) and Arfl was shown to directly
bind ADRP (65). A GDP-restricted form of Arfl caused
ADRP dissociation from CLDs and did not inhibit triacylg-
lycerol formation but did prevent formation of new CLDs,
which indicates a prevention of CLD budding (65). Arfl
was found in one proteomic study by Bartz et al. (21) along
with the ADP-ribosylation factor GTPase-activating protein
1 (ArfGAP1, Uniprot: Q8N6T3).

Proteins associated with the ER are also commonly ob-
served in CLD preparations. This is not surprising in light
of the fact that lipid droplet biogenesis is thought to occur
at the surface of the ER (reviewed in refs. 1, 2, 5, 7, 8, and
67). Numerous mechanisms for LD biosynthesis have been
proposed (68-72). Currently, the most widely accepted

model is that CLDs are formed by generation of lipid esters
by the ER that are deposited into the membrane. As the
quantity of lipid esters exceeds the molar proportion that
can be assimilated within the phospholipid bilayer, the
lipid ester begins to segregate between the two leaflets.
This process is represented in Fig. 1. A budding process
occurs whereby the lipid droplet begins to separate away
from the membrane to form an independent lipid droplet
in the cytoplasm (7). Micro-droplets of lipids are formed
at the cisternae of the ER and aggregation of those micro-
droplets forms larger CLDs (10). Organelles other than
the ER are also commonly found in close proximity to
CLDs and CLDs have been found to contain proteins as-
sociated with the Golgi apparatus (73), peroxisomes (11,
19), mitochondria (22), and the plasma membrane (24),
and CLDs are frequently found in close physical contact
with these organelles.

CONCLUSIONS AND PERSPECTIVES

The most interesting categories of proteins identified
through proteomic analysis are those that do not have
known functions within the classical view of the CLD.
These “refugee proteins” (4) have prompted an ongoing
debate questioning whether these proteins are bona fide
CLD proteins. It has been suggested that CLDs may be
more susceptible than other cellular structures or organ-
elles to poor isolation due to the intrinsic hydrophobicity
of the CLD structure (4, 74). This potential for in vitro
contamination is intrinsic to every fractionation protocol.
Therefore, in vivo localization studies (immuno-electron
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microscopy and/or fluorescence microscopy) are required
for confirmation of bona fide CLD proteins.

Ideally, genetic studies would follow to validate func-
tional significance (58, 61). Some of the CLD proteomic
studies discussed above incorporated genetic knockout or
knockdown strategies for functional validation in S. cerevi-
siae and Drosophila (16, 18, 19). A mouse variant knockout
of perilipin has proven to be an extremely valuable tool
for demonstrating that perilipin acts as a phosphorylation-
controlled gatekeeper that can regulate access to the neu-
tral lipid core of the CLD for lipases, thereby acting as a
control on the lipolysis of CLDs (45, 46). Knockouts have
been reported for adipose differentiation-related protein
(also known as adipophilin, ADRP, or ADFP) (75) as have
knockdown studies of ADRP using antisense oligonucle-
otides (76). Unfortunately, knockout or knockdown stud-
ies may sometimes produce ambiguous results that may
not clearly define a phenotype related to the reduction in
a protein, and this case has been reported for the ADRP
phenotype. [(75, 76) and reviewed in (63)]

Knockouts of other CLD-related proteins have been re-
ported for the senescence marker protein-30 (SMP30)
(77), adipocyte triglyceride lipase (ATGL) (78), apoA-II
(79), hepatic lipases (79), a-synuclein (80, 81), hormone
sensitive lipase (82, 83), caveolin-1 (84), and vimentin
(85). Knockouts of CLD-related proteins for other species
have also been reported, such as the Drosophila adipose
gene (adp) (86), and the Drosophila PAT protein analog
LSD2 (58, 61).

Sequestration of proteins on CLDs

One emerging idea is that CLDs may serve in a broad
cellular role as a protein storage depot for sequestering
proteins (15). In this capacity, CLDs would protect pro-
teins from degradation while keeping aggregation-prone
proteins physically separated from the cytoplasm. There is
evidence in Drosophila that maternal histones, found in
high abundance in embryos, are sequestered on the sur-
face of CLDs and transferred rapidly on and off as they are
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Fig. 1. Proposed cellular functions of CLDs. CLD
formation begins in the smooth endoplasmic reticu-
lum. Lipid esters are deposited within the phospho-
lipid bilayer and microlipid droplets form, bud, and
are released into the cytoplasm (7) associated with
PAT proteins (pink circles). Three potential CLD
functional roles are: A, Sequestration: proteins may
be reversibly inactivated by CLD sequestration of one
binding partner. Active state and sequestered states
are shown. B, Chaperone: aggregation prone pro-
teins without binding partners are sequestered until
appropriate binding partners are available. C, Pro-
tein transport: CLDs move along cytoskeletal compo-
nents carrying sequestered proteins from one cellular
location to another.

needed (15). This mechanism has also been observed
when the levels of protein expression are higher than nor-
mal due to unusual cellular metabolic conditions, as in the
case of stomatin (24). Protein sequestration is a tantalizing
idea because it could explain the many refugee proteins
that have been found to associate with CLDs and provide
a dynamic regulatory mechanism for their storage and
transport (4). This idea fits appealingly with the known
regulation of lipids that have been attributed to CLDs for
many years. The CLD system could potentially act as a reg-
ulatory mechanism for both proteins and lipids within
cells. Figure 1A illustrates the sequestration of binding
partners, showing the sequestered and un-sequestered
state.

Inactivation of proteins through sequestration to CLDs
could happen either indirectly by separating proteins from
binding partners, cofactors, or substrates, or directly
through changing the binding of an enzyme by actively
blocking a catalytic site or inducing a conformational
change in the enzyme when it is bound to the CLD. Se-
questration of proteins within CLDs may provide a buffer-
ing mechanism for proteins within cells, making proteins
available as needed but keeping proteins separated from
binding partners and preventing aggregation when pro-
teins are not needed. Figure 1B illustrates the sequestra-
tion of binding partners, showing the sequestration on a
CLD of an aggregation-prone protein, followed by release
of the sequestered protein once an appropriate binding
partner is available.

There are several features of CLDs that offer potential
utility as a protein storage mechanism. First, the dynamic
nature of CLDs’ size and the number of CLDs can be ad-
justed based on external stimuli and metabolic state, al-
lowing for a variable surface area and internal hydrophobic
core. This ability would provide the capacity for CLDs to
dynamically adjust when greater quantities of CLDs might
be needed for storage of proteins. Second, the structure of
CLDs with a hydrophobic core of neutral lipids surrounded
by a phospholipid monolayer may provide an excellent
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storage site for proteins that have exposed hydrophobic
surfaces. Third, the complement of proteins associated
with CLDs can respond dynamically to physiological
changes around the cells (19, 22). There is some evidence
that proteins may localize to specific CLDs within a single
cell (16, 87-90). Selective sequestration of proteins could
potentially act to distribute proteins throughout cells us-
ing CLDs as transport vehicles, but evidence for this is lim-
ited at present. Figure 1C shows the hypothesized transport
function of CLDs, with the CLD temporarily sequestering
a protein for transport, and motion of CLDs along a cy-
toskeletal component (here, a microtubule).

The current CLD literature is growing, and proteomics

has contributed several enticing functional leads. How-
ever, much remains to be done and the systematic valida-
tion of identified CLD proteins promises to elucidate the
full range of functions of CLDs within cells. i
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